Electropolishing of Cu and Cu/Ta/Si wafer samples were studied using a rotating disk electrode in a variety of phosphoric acid-based electrolytes, including several with ethanol and other species added as diluents. Diluents allow a wide range of water concentrations to be accessed and also reduce the dissolution rate during Cu electropolishing, simplifying possible applications to damascene processing. The measured limiting current densities are subject to a Levich analysis, demonstrating that water is the acceptor species involved in the rate-determining step. The effective diffusion coefficient that is determined is in almost exact agreement with that previously obtained from the electrohydrodynamic impedance, which does not require knowledge of the limiting species.
Electropolishing has long been employed industrially for a variety of purposes, the most common being surface preparation for further treatment or analysis and surface finishing for cosmetic purposes. 1 Electropolishing may include surface leveling and/or surface brightening. Although these terms are often used interchangeably, leveling is typically associated with smoothing of surface features larger than one micrometer, brightening with features smaller than one micrometer. 2 Despite widespread use, the mechanism͑s͒ of electropolishing is not fully understood. 1, 2 Electropolishing typically occurs at the mass-transfer-limiting current at highly anodic potentials where the metal surface is passivated. However, investigators have proposed a variety of processes to be critical to electropolishing, including formation of a viscous film at the electrochemical interface, dynamic effects related to the closeness of this film to its solubility limit, and solution-phase acceptor species for the dissolving metal ions. 1 The relative importance and interdependence of these different effects is still unclear.
Cu electropolishing has recently been proposed for surface planarization following Cu electroplating during damascene processing of the electrical interconnects in Si-based semiconductor devices. [3] [4] [5] [6] [7] Local planarization may be attained through the action of the electropolishing electrolyte. However, global planarization generally would require use of either a rotating wafer/electrode configuration ͑rotating disk electrode, RDE͒ for simultaneous Cu removal across the entire wafer surface or a scanning cathode configuration. In addition, Cu electropolishing in phosphoric acid electrolytes has been a prototype for fundamental studies of electropolishing. [8] [9] [10] [11] [12] [13] [14] Despite intensive investigation, the identity of the solution-phase species involved in the rate-determining step remains controversial, with some groups proposing phosphate-containing species and other groups water. 7, 11, 13 In this report, we present studies of Cu electropolishing in phosphoric acid solutions that contain diluents and establish water as the acceptor species involved in the ratedetermining step.
Experimental
Experiments were performed on two different samples, standard Cu rotating disk electrodes from Pine Instruments ͑0.95 cm 2 ͒ and blanket Cu/Ta/Si wafer samples ͑4 cm 2 ͒ obtained from Silicon Quest International. The wafer samples were employed as a comparison to Cu electropolishing on patterned wafer samples that will be reported elsewhere. Electrodeposition from an electrolyte containing CuSO 4 , H 2 SO 4 , and benzotriazole was employed to increase the blanket Cu film thickness on the wafer samples to approximately 3-4 m. The wafer samples were attached to a standard Pine Instruments RDE shaft through a Teflon mounting sleeve. The Cu/Ta/Si working electrode is illustrated in Fig. 1 . The electrical connection is not made through the Si wafer, but around the edges via Cu tape. After the wafer is affixed, the wafer edges are coated with a thin layer of TorrSeal epoxy.
For all electrochemistry experiments, a saturated calomel ͑SCE͒ reference electrode and a Pt wire counter electrode were employed in a standard three-electrode geometry, controlled with a EG&G PAR model 263 A-1 potentiostat/galvanostat. Commercial grade phosphoric acid ͑85 wt%͒ was purchased from T. J. Baker, absolute ethanol from Pharmco, and absolute methanol, ethyl glycol, glycerin, and copper sulfate from Fisher Scientific. The electrolyte viscosities were measured with a Brookfield Synchro-lectric viscometer. The electrolyte density was measured by weighing the electrolyte in a volumetric flask. Unless otherwise indicated, all experiments were performed at room temperature (22 Ϯ 1°C). Figure 2 shows typical cyclic voltammograms for a standard Cu rotating disk electrode ͑RDE͒ and a Cu/Ta/Si wafer sample in an electropolishing electrolyte containing 12 M H 3 PO 4 and 2.7 M C 2 H 5 OH at 100 rpm. The difference in the limiting current densities is less than that between subsequent measurements. This demonstrates that despite the nonideal fluid dynamics and mass transfer near the wafer edges, the Cu/Ta/Si assembly reasonably approximates a standard Cu RDE. 15 Active dissolution is seen prior to about 0.75 V vs. SCE, and electropolishing is observed on the limiting current plateau. In some voltammograms, the limiting current plateau is not exactly horizontal due to the sample size, so the inflection point is taken as the definition of the limiting current density. 16 This effect is also evident as hysteresis in the voltage at which the limiting current plateau is observed for the Cu/Ta/Si samples.
Results and Discussion
Cyclic voltammograms were obtained with a variety of different electrolytes of varying H 3 PO 4 and CuSO 4 compositions, in addition to some electrolytes to which diluents such as ethanol have been added. In all cases, brightening was visually observed when the limiting current plateau was reached. These diluents are added to obtain a wider range of H 2 O concentrations for mechanistic studies. In addition, the lower H 2 O concentrations reduce the limiting current densities. This may be necessary for application of Cu electropolishing to semiconductor processing, which is otherwise difficult to control, with Cu removal being quite rapid. The electrolytes that were investigated are given in Table I , along with the limiting current density at 240 rpm and the kinematic viscosity.
The mechanistic arguments in this report rely heavily on a Levich-type analysis, so the limiting current density of several electrolytes was investigated as a function of rotational speed. The results are shown in Fig. 3 , demonstrating that a rotational speed greater than approximately 200 rpm is needed to ensure that effects due to natural convection are suppressed and the Levich equation is valid. While this rotational speed may seem quite high, the nearsurface electrolyte is completely depleted of water, as is discussed below. This near-surface region is then quite unusual compared to most electrolytes, and larger than expected density gradients are possible. It should be noted that most applications of Cu electropolishing to dual damascene processing use very low rotational speeds, 3, 4 so the effects of natural convection are likely quite significant.
The dependence of the limiting current densities at 240 rpm on electrolyte composition and viscosity can be compared to predictions from a Levich analysis. 13, 17 If the phosphate anion is the Cu acceptor species involved in the rate-determining step, then one expects
where s P is the ratio of phosphate acceptor ions for every dissolving Cu 2ϩ ion, F is Faraday's constant, D P is the effective diffusion coefficient of phosphate ions, is the angular rotational frequency, is the kinematic viscosity, and C P is the bulk phosphate concentration. Similarly, if H 2 O is the acceptor species, then
where s H is the ratio of water acceptor ions for every dissolving Cu 2ϩ ion, D H is the effective diffusion coefficient of water, and C H is the bulk water concentration. The other step that has been Table I . proposed to be rate-determining during metal electropolishing is salt film precipitation. However, this mechanism has been ruled out for the Cu-phosphoric acid system by a detailed impedance analysis, 13 which shows that both the ohmic resistance and the double-layer capacitance are independent of rotation speed and applied potential, demonstrating that salt film precipitation does not occur.
18,19
Figure 4 and 5 illustrate the dependence of the limiting current density on the phosphate and water concentrations, each multiplied by Ϫ1/6 . These results indicate that water, not a phosphatecontaining species, is involved in the rate-determining step. However, the simplicity of this Levich analysis requires further discussion. As discussed by Hsueh and Newman, deviations from Levich behavior can in theory arise from a variety of different causes. 20 For Cu electropolishing in concentrated phosphoric acid solutions, such deviations would most likely arise from the variation of physical properties such as the density, viscosity, and effective diffusion coefficient within the diffusion layer. Most important, electrolytes of varying composition have been included in Fig. 4 and 5.
Complete understanding of the various contributions to deviations from Levich behavior is not feasible for this complex system, but certain general arguments can be made. To address the effects of variation in physical properties with electrolyte composition, another Levich plot is shown in Fig. 6 for only the ethanol-containing electrolytes in Table I . The values for R 2 in Fig. 5 and 6 are approximately 0.86 and 0.97, respectively. Thus much of the residual variance from the linear regression in Fig. 5 appears to arise from the difference in physical properties, including the effective diffusion coefficient, between the various electrolytes.
The effect of the variation of physical properties such as density, viscosity, and the effective diffusion coefficient within the diffusion layer on a Levich analysis is difficult to address quantitatively. The most detailed study to date of the effects of nonuniform transport properties was recently published by Barton and West. 21 They discuss the effects of the difference between surface and bulk viscosity on the effective diffusion coefficient obtained from a Levich analysis. Figure 7 show the variation of the viscosity with water concentration for the ethanol-free and ethanol-containing phosphoric acid electrolytes in the present study. In both cases, since the surface water concentration should be close to zero at the limiting current, the surface viscosity is about two to three times greater than the bulk viscosity. In this regime, the effective diffusion coefficient can be regarded as a good approximation to that at the electrode surface. 21 Here the effective diffusion coefficient (D H ) and the stoichiometric ratio (s H ) of water acceptor molecules to dissolving Cu 2ϩ ions cannot be independently measured, but their ratio can be approximated from the slope of Fig. 5 and 6 using a simple Levich analysis, neglecting the complications discussed above. Assuming a value of 6 for s H , the effective diffusion coefficients for water obtained from Fig. 5 and 6 Several estimates have been made of the effective diffusion coefficient of Cu 2ϩ in phosphoric acid electrolytes. However, the current study and others demonstrate that water is the acceptor species involved in the rate-determining step. The only available estimate for the water diffusion coefficient was obtained from the electrohydrodynamic impedance, which does not require knowledge of the species involved, yielding a value of 5 ϫ 10 Ϫ8 cm 2 /s. 13 This is in almost exact agreement with the effective diffusion coefficient determined here when a value of 6 is assumed for s H . Table I. 
